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1. INTRODUCTION {#jcmm14402-sec-0001}
===============

Prostate cancer (PCa) ranks as the second most frequently diagnosed cancer in male and accounts for approximately 258,000 deaths annually.[1](#jcmm14402-bib-0001){ref-type="ref"} The estimated incidence of PCa is about 1/10 000 and the 5‐year survival rate is approximately 72.6%.[2](#jcmm14402-bib-0002){ref-type="ref"} PCa falls under the category of epithelial cancers, with an intrinsic potential of metastasizing to distant organs.[3](#jcmm14402-bib-0003){ref-type="ref"} Regardless of the remarkable advances made in the treatment of localized malignancies, PCa remains to be incurable due to its high metastatic potential, with most PCa‐related deaths being attributed to the development of metastasis and high resistance to the existing therapies.[4](#jcmm14402-bib-0004){ref-type="ref"} Epithelial‐mesenchymal transition (EMT) is closely related to the process of PCa metastasis; therefore, identifying agents that can effectively suppress EMT might be a candidate therapeutic option for metastatic PCa.[5](#jcmm14402-bib-0005){ref-type="ref"} A number of microRNAs (miRNAs), including miR‐29b,[6](#jcmm14402-bib-0006){ref-type="ref"} miR‐34a,[7](#jcmm14402-bib-0007){ref-type="ref"} miR‐21,[8](#jcmm14402-bib-0008){ref-type="ref"} and miR‐221 [9](#jcmm14402-bib-0009){ref-type="ref"} have been widely reported to regulate the development of PCa cells. Therefore, there has been a great deal of importance placed on identifying an underlying miRNA that can be a promising biomarker in order to provide an early detection and control of metastasis that occur from PCa.

miRNAs play a major role in the pathogenesis and development of multiple cancers, which is due to their participation in cell differentiation and homoeostasis, as well as their involvement in complex regulatory networks commonly with transcription factors used as their direct targets.[10](#jcmm14402-bib-0010){ref-type="ref"} There has been a close correlation detected between some miRNAs including miR‐655, miR‐130b and miR‐590 with the EMT process during cancer progression.[11](#jcmm14402-bib-0011){ref-type="ref"}, [12](#jcmm14402-bib-0012){ref-type="ref"}, [13](#jcmm14402-bib-0013){ref-type="ref"} Moreover, it has been reported that miR‐539 can suppress EMT in oesophageal cancer.[14](#jcmm14402-bib-0014){ref-type="ref"} The restoration of miR‐539 has been proven to slow the progression of the proliferation and metastasis abilities of PCa cells by down‐regulating sperm‐associated antigen 5 (SPAG5).[15](#jcmm14402-bib-0015){ref-type="ref"} Distal‐less 1 (DLX) was initially discovered in *Drosophila melanogaster*, during which time it was found to regulate the development of nerves and embryo.[16](#jcmm14402-bib-0016){ref-type="ref"} Previous studies have demonstrated that the depletion of DLX1 expression could cause PCa cell growth arrest, indicating that DLX1 could be a potential diagnostic target for PCa.[17](#jcmm14402-bib-0017){ref-type="ref"} Furthermore, accumulating evidence shows that DLX1 could participate in the biological processes of PCa.[18](#jcmm14402-bib-0018){ref-type="ref"} In addition, there is a correlation between the induction of EMT process and the transforming growth factor‐β (TGF‐β) and Smads.[19](#jcmm14402-bib-0019){ref-type="ref"} The tumour suppressor Smad4, which has been identified as a pivotal transcription factor in the TGF‐β signalling pathway, has been found to be mutated or deleted frequently in PCa.[20](#jcmm14402-bib-0020){ref-type="ref"} Therefore, on the basis of the existing data mentioned above, we conducted the following study to confirm the potential mechanism of miR‐539 in PCa by targeting DLX1 and to determine whether the TGF‐β/Smad4 signalling pathway is involved in the regulation of EMT and metastasis of PCa.

2. MATERIALS AND METHODS {#jcmm14402-sec-0002}
========================

2.1. Ethics statement {#jcmm14402-sec-0003}
---------------------

The experiments conducted in the present study have been approved by the Ethics Committee of the Affiliated Hospital of Jining Medical University and signed informed consents were obtained from all participants prior to the study. All animal experiments were conducted in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MA, USA).

2.2. Microarray‐based gene expression profiling {#jcmm14402-sec-0004}
-----------------------------------------------

Gene expression datasets related to PCa including GSE55945, GSE45016 and GSE38241 were retrieved from Gene Expression Omnibus (GEO) database (<https://www.ncbi.nlm.nih.gov/geo/>). Differential analysis of these datasets was conducted using the 'limma' package in the R Language Programming with \|logFC\|\> 2 and *P* value \< 0.05 as the screening threshold. Next, the expression heatmap of the differentially expressed genes was constructed using the 'pheatmap' in the R Language Programming. The Venn diagram of the genes with differential expression retrieved from the chips was constructed using the Venn diagram website (<http://bioinformatics.psb.ugent.be/webtools/Venn/>) and the results were then intersected.

As a convenient and interactive database for analysis of transcriptome in cancers, UALCAN (<http://ualcan.path.uab.edu/index.html>), which could be used to retrieve the expression of specific genes in Cancer Genome Atlas (TCGA) database, was used to retrieve the expression of DLX1 in PCa in the present study.

miRNAs regulating DLX1 were predicted by means of microRNA.org (<http://34.236.212.39/microrna/home.do>), TargetScan (<http://www.targetscan.org/vert_71/>), mirDIP (<http://ophid.utoronto.ca/mirDIP/index.jsp#r>) and starBase (<http://starbase.sysu.edu.cn/>) databases. Next, the intersection was determined for the first 50% miRNAs predicted from the microRNA.org and starBase databases as well as the first 200 miRNAs predicted from the TargetScan and mirDIP databases. Afterwards, the Venn diagram was constructed using the Venn diagram website and the intersection of the miRNAs predicted from these four databases was obtained. The mirSVR score of the miRNA regulating DLX1 predicted from the microRNA.org database was analysed to further determine the candidate miRNA.

2.3. Study subjects {#jcmm14402-sec-0005}
-------------------

The PCa tissues and adjacent normal tissues were obtained from 134 patients in the Affiliated Hospital of Jining Medical University from January 2015 to December 2017 for the current study. The mean age of all patients was 63.4 ± 7.9 years old, including 36 patients under the age of 60 years and 98 patients over the age or equal to 60 years. Out of the above patients, there were 71 patients with family history of PCa and the remaining 63 patients had no family history of PCa. A total of 64 patients had presented with lymph node metastasis while 70 patients did not have lymph node metastasis. According to Gleason score, 88 patients had the score \<7 and 46 patients had the score ≥7. The inclusion criteria when selecting patients for the present study were as follows [21](#jcmm14402-bib-0021){ref-type="ref"}: (a) the diagnosis of PCa had been pathologically confirmed; (b) the patients had not received any anticancer treatment including radiotherapy, chemotherapy and immunotherapy prior to surgery; (c) patients had undergone transrectal prostate puncture; (d) complete clinical, pathological and prognostic records were accessible. The exclusion criteria were as follows[21](#jcmm14402-bib-0021){ref-type="ref"}: (a) patients who had non‐prostate cancer metastasis in other parts of the body; (b) patients who died from other cancers; (c) patients with incomplete relevant records. In addition, all patients included patients in this study had no immunological or connective tissue diseases and had no comorbidities of vital organs.

2.4. Immunohistochemistry {#jcmm14402-sec-0006}
-------------------------

Paraffin‐embedded specimens were cut into 4‐μm thick sections after being fixed in 10% formaldehyde and placed in a 60°C oven for l hour. The sections were dewaxed routinely with xylene, dehydrated with graded alcohol and incubated in 3% H~2~O~2~ (Sigma‐Aldrich Corp., St. Louis, MO, USA) at 37°C for 30 minutes. After being rinsed with phosphate buffered saline (PBS), the sections were boiled in 0.01 M citrate buffer for 20 minutes at 95°C. After being cooled down to room temperature, the sections were sealed with normal goat serum at 37°C for 10 minutes, followed by incubation at 4°C overnight with the addition of primary antibody mouse polyclonal antibody to DLX1 (50 μL) (ab167575, 1:50, Abcam Inc, Cambridge, UK). Subsequently, the sections were incubated with the biotin‐labelled goat polyclonal secondary antibody to mouse immunoglobulin G (IgG) (ab6789, 1:1000, Abcam Inc, Cambridge, MA, USA) at 37°C for 30 minutes. Then, the sections were developed by diaminobenzidine (DAB) (Sigma‐Aldrich Corp., St. Louis, MO, USA). Five high‐fold fields (100 cells in each field) were randomly selected from each section and photographed, after which the positive cells were counted and the positive rate was calculated.

2.5. Dual luciferase reporter gene assay {#jcmm14402-sec-0007}
----------------------------------------

The target gene of miR‐539 was conducted using the microRNA.org. Dual luciferase reporter gene assay was conducted to confirm whether DLX1 was the target gene of miR‐539. The 3′‐untranslated region (3′UTR) of the DLX1 gene was cloned into pmirGLO vector (E1330, Promega Corp., Madison, WI, USA) and was given the name pDLX1 wild‐type (Wt). Site‐directed mutagenesis was performed on the potential binding sites of miR‐539 and the pDLX1‐mutant (Mut) vector was also constructed. pRL‐TK vector expressing Renilla luciferase (E2241, Promega Corp., Madison, WI, USA) was constructed to serve as an internal control. The miR‐539 mimic or the NC plasmids were transfected into cells together with pDLX1‐Wt or pDLX1‐Mut. After 48 hours of transfection, the cells were collected and luciferase activity was detected according to the instructions of the luciferase assay kit (GeneCopoeia, Inc, Rockville, Maryland, USA).

2.6. Cell culture and grouping {#jcmm14402-sec-0008}
------------------------------

Cell lines PC3 and DU145 (Shanghai Institute of Biochemistry and Cell Biology Chinese Academy of Sciences, Shanghai, China) were added with the Dulbecco\'s modified Eagle medium (DMEM) conjugated with 10% foetal bovine serum (FBS) and incubated with 5% CO~2~at 37°C. Next, the cells were classified into blank (PCa cells without transfection), negative control (NC) (PCa cells transfected with miR‐539 NC), miR‐539 mimic (PCa cells transfected with miR‐539 mimic), miR‐539 inhibitor (PCa cells transfected with miR‐539 inhibitor), si‐DLX1 (PCa cells transfected with si‐DLX1), miR‐539 inhibitor + si‐DLX1 (PCa cells transfected with miR‐539 inhibitor and si‐DLX1), SB‐431542 (DU145 cells transfected with TGF‐β signalling pathway inhibitor SB‐431542 for 1.5 hours with the concentration of 10 µM), DMSO (DU145 cells transfected with 10 µM DMSO, taken as the control of SB‐431542), miR‐539 inhibitor + DMSO (DU145 cells transfected with miR‐539 inhibitor and DMSO) and miR‐539 inhibitor + SB‐431542 (DU145 cells transfected with miR‐539 inhibitor and SB‐431542) groups. The aforementioned plasmids had all been purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The transfection was performed according to the instructions of lipofectamine 2000 (11668‐019, Invitrogen Inc, Carlsbad, CA, USA).

2.7. Reverse transcription quantitative polymerase chain reaction (RT‐qPCR) {#jcmm14402-sec-0009}
---------------------------------------------------------------------------

Levels of DLX1 and downstream target genes of TGF signalling pathway were determined using RT‐qPCR. The primers for RT‐qPCR are listed in Table [1](#jcmm14402-tbl-0001){ref-type="table"}. The cells were then collected following transfection, after which the total RNA was extracted with the use of a Trizol kit (Invitrogen Inc, Carlsbad, CA, USA) and reverse transcribed into cDNA. The qPCR was performed with cDNA used as the template under the following conditions: 95°C for 5 minutes (1 cycle), 45 cycles of 95°C for 20 seconds, 60°C for 1 minute and 72°C for 30 second. β‐Actin and U6 served as internal references. The fold changes were calculated by means of relative quantification (2^−ΔΔCT^ method), using the following formula: ΔCt = Ct ~target\ gene~‐Ct ~internal\ control\ gene~and ΔΔCT = ΔCt ~experimental\ group~‐ΔCt ~control\ group~.

###### 

Primer sequences of related genes for reverse transcription quantitative polymerase chain reaction

  Gene         Primer sequence (5′‐3′)
  ------------ --------------------------------------------
  β‐actin      Forward: CATATGGCTACATAGGATGATGATATCCCCC
               Reverse: GAATTCACAGAATTCCTAGAAGCATTTGCGGTG
  DLX1         Forward: GCGGCCTCTTTGGGACTCACA
               Reverse: GGCCAACGCACTACCCTCCAGA
  miR‐539      Forward: GAAGAGGCTAACGTGAGGTTG
               Reverse: CACCATGACCAAGCCACGTAG
  c‐myc        Forward: ATGCCCTCAACGTTAGCTTCACC
               Reverse: TTACGCACAAGAGTTCCGTAGCTGTTC
  E‐cadherin   Forward: AACGCATTGCCACATACA
               Reverse: GAGCACCTTCCATGACGAC
  vimentin     Forward: ACAGGCTTTAGCGAGTTATT
               Reverse: GGGCTCCTAGCGGTTTAG
  Smad4        Forward: GGACCGGATTACCCAAGACACA
               Reverse: CTGCAATCGGCATGGTATGAAG
  Snail1       Forward: TTCCAGCGCCCTACGACCAG
               Reverse: GCCTTTCCCACTGTCCTCATC
  SLUG         Forward: CCTTCCTGGTCAAGAAGCATTTCA
               Reverse: AGGCTCACATATTCCTTGTCACAG
  U6           Forward: CTCGCTTCGGCAGCACA
               Reverse: AACGCTTCACGAATTTGCGT

Abbreviations: DLX1, distal‐less homeobox 1; miR‐539, microRNA 539.
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2.8. Western blot analysis {#jcmm14402-sec-0010}
--------------------------

Once the total protein had been extracted, the protein concentration was measured using the bicinchoninic acid (BCA) Protein Assay Kit (20201ES76, Yeasen Biotech Co., Ltd., Shanghai, China). After separation with 8% sodium dodecyl sulphate‐polyacrylamide gel electrophoresis (SDS‐PAGE), the protein was transferred onto polyvinylidene fluoride (PVDF) membrane. Afterwards, the membrane was blocked with 5% skimmed milk and incubation was carried out at 4°C overnight with the addition of the following primary antibodies: mouse monoclonal antibody to β‐actin (ab8226, 1:2000, Abcam Inc, Cambridge, UK), rabbit polyclonal antibody to DLX1 (ab126054, 1:500, Abcam Inc, Cambridge, MA, UK), rabbit monoclonal antibody to c‐Myc (ab32072, 1:1000, Abcam Inc, Cambridge, UK), mouse monoclonal antibody to E‐cadherin (ab1416, 1:100, Abcam Inc, Cambridge, UK), vimentin (ab92547, 1:1500, Abcam Inc, Cambridge, UK), Smad4 (ab40759, 1:2000, Abcam Inc, Cambridge, UK), rabbit polyclonal antibody to Snail1 (ab82846, 1:500, Abcam Inc, Cambridge, UK) and rabbit polyclonal antibody to SLUG (ab27568, 1:500, Abcam Inc, Cambridge, UK). After receiving three washes with PBS supplemented with 0.05% phosphate buffered saline Tween 20 (PBST), the membrane was incubated with horseradish peroxidase‐labelled goat antimouse IgG secondary antibody (ab6789, 1:2000, Abcam Inc, Cambridge, UK) or ready‐to‐use goat anti‐rabbit IgG secondary antibody (ab6721, 1:2000, Abcam Inc, Cambridge, UK) at room temperature for 1 hour. Next, the membrane was rinsed three times with PBST and exposed using enhanced chemiluminescence (ECL) solution (ECL808‐25, Biomiga. Inc, San Diego, CA, USA) under dark conditions. Relative protein levels of the target genes were expressed as the ratio of grey values of the target protein bands to those of the β‐actin band.

2.9. 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) assay {#jcmm14402-sec-0011}
-----------------------------------------------------------------------------

The cells in the logarithmic growth stage were inoculated into 96‐well plates at a density of 2.5 × 10^5^ cells/mL. After 24, 48 and 72 hours, the cells in each well were incubated with 10 μL MTT solution (5 mg/mL) (Sigma‐Aldrich Corp., St. Louis, MO, USA). Subsequently, the plates were further cultured for 4 hours. An automated reader (BIO‐RAD Inc, Hercules, CA, USA) was employed to detect the optical density (OD) values of each well at 490 nm. The experiment was repeated in triplicate.

2.10. Scratch test {#jcmm14402-sec-0012}
------------------

After 48 hours of treatment, the cells were seeded into 6‐well plates. Upon reaching full adherence, the cells were cultured in serum‐free DMEM culture medium. When the cell confluence reached 90%‐100%, the cells were scratched slowly with a sterile pipette tip (10 μL) perpendicular to the plate bottom. Each well was expected to have 4‐5 scratches with the same width. Next, the plates received three washes with PBS, followed by cell collection. An inverted microscope was used to measure the metastasis distance at 0 hour and 24 hours following scratching with various randomly selected visual fields. The photographs were obtained and the experiment was conducted in triplicate.

2.11. Transwell assay {#jcmm14402-sec-0013}
---------------------

The 8‐μm Transwell chambers (Corning Inc, Corning, NY, USA) with 24 wells were applied. The chamber was coated with 50 μL Matrigel (Sigma‐Aldrich Corp., St. Louis, MO, USA). Cells (200 μL) were seeded into the apical chamber and complete medium (300 μL, Invitrogen Inc, Carlsbad, CA, USA) conjugated with 10% FBS was added into the basolateral chamber. The chambers were then incubated at 37°C with 5% CO~2~. After a 48‐h incubation, the cells were fixed and stained with 0.5% crystal violet. An inverted microscope (XDS‐800D, Shanghai Caikon Optical Instrument Co., Ltd., Shanghai, China) was used to count the stained cells. PCa cell invasion was determined using the average number of cells in five randomly selected fields.

2.12. Tumour formation in nude mice {#jcmm14402-sec-0014}
-----------------------------------

The single cell suspension was prepared using PCa cell lines PC3 and DU145 respectively. The PBS and Matrigel (E1270, Sigma‐Aldrich Corp., St. Louis, MO, USA) were mixed at the ratio of 1:1 and cells were suspended at the final concentration of 1 × 10^6^ cells/200 μL. A total of 72 nude mice (SLAC Laboratory Animal Co. Ltd, Shanghai, China) were categorized into blank, NC, miR‐539 mimic, miR‐539 inhibitor, siRNA‐DLX1 and miR‐539 inhibitor + siRNA‐DLX1 groups (n = 6 in each group). After being anesthetized with ether, the mice in each group were inoculated subcutaneously with transfected PC3 and DU145 cells (1 × 10^6^ cells/200 μL) in the left armpit respectively. The mice were then raised under the same environment and observed every 7 days beginning from the 7th day. Tumour length and width were recorded and the gross tumour volume was calculated according to the formula, volume = (length×width^2^)/2. On the 35th day, the nude mice were killed, followed by tumour resection. Six tumours were weighed in each group.

2.13. Statistical analysis {#jcmm14402-sec-0015}
--------------------------

Statistical analysis was conducted by SPSS 19.0 (IBM Corp. Armonk, NY, USA). Measurement data were presented as mean ± standard deviation. Data between two groups were compared using independent‐sample *t* test and data among multiple groups were compared using one‐way analysis of variance (ANOVA). Fisher\'s least significant difference (LSD) method was adopted for pairwise comparison. Enumeration data were presented as percentage and analysed using chi‐square test. A value of *P* \< 0.05 indicated statistical significance.

3. RESULTS {#jcmm14402-sec-0016}
==========

3.1. miR‐539 participates in the development of PCa by regulating DLX1 {#jcmm14402-sec-0017}
----------------------------------------------------------------------

Through differential analysis, 33, 667 and 1008 differentially expressed genes were obtained from the GSE55945, GSE45016 and GSE38241 datasets which were retrieved from the GEO database respectively. Next, the expression heatmap of 30 differentially expressed genes was constructed (Figure [1](#jcmm14402-fig-0001){ref-type="fig"}A‐C). In order to screen out the genes associated with PCa, Venn analysis was conducted to analyse all the differentially expressed genes in GSE55945 and GSE45016 datasets as well as the first 500 significantly differentially expressed genes in the GSE38241 dataset (Figure [1](#jcmm14402-fig-0001){ref-type="fig"}D), the results of which showed that DLX1 was the only one of them that was simultaneously present and up‐regulated in all the three datasets. Then the expression of DLX1 in PCa samples and normal control samples from the TCGA database was analysed and the results revealed that there was a high expression in DLX1 in PCa samples (Figure [1](#jcmm14402-fig-0001){ref-type="fig"}E). It has been reported that DLX1 could influence disease development *via* the TGF‐β/Smad4 signalling pathway[22](#jcmm14402-bib-0022){ref-type="ref"}, [23](#jcmm14402-bib-0023){ref-type="ref"} and the TGF‐β/Smad4 signalling pathway was previously found to be associated with PCa.[24](#jcmm14402-bib-0024){ref-type="ref"}, [25](#jcmm14402-bib-0025){ref-type="ref"} Hence, there is a high possibility that DLX1 could affect the development of PCa through the TGF‐β/Smad4 signalling pathway. In order to figure out the potential miRNAs regulating DLX1, the top 50% miRNAs were predicted from the microRNA.org and starBase databases and top 200 miRNAs predicted from the mirDIP and TargetScan databases were subjected to Venn analysis. The results displayed that there were seven miRNAs in the intersection of the prediction results from four databases (Figure [1](#jcmm14402-fig-0001){ref-type="fig"}F). The binding abilities of these seven miRNAs to DLX1 were scored \<−0.6 (Table [2](#jcmm14402-tbl-0002){ref-type="table"}). Therefore, miR‐539 was selected for subsequent studies and we investigated whether miR‐539 could influence the development of PCa through the TGF‐β/Smad4 signalling pathway by mediating DLX1.

![Microarray‐based gene expression profiling identifies the involvement of hsa‐miR‐539 in the development of PCa by mediating DLX1. A‐C, expression heatmap of PCa‐related gene expression profile, in which the abscissa refers to sample number, the ordinate refers to gene name and the upper crossband refers to sample type. Blue represents normal control sample and red represents PCa sample. The right histogram represents colour grade, in which red indicates high expression and green indicates poor expression. The upper dendrogram refers to sample cluster and the left dendrogram refers to gene expression cluster. Each circle represents the expression of a gene in one sample; D, Venn analysis of differentially expressed genes from three datasets, in which blue refers to the number of differentially expressed genes in GSE55945 datasets, red refers to the number of differentially expressed genes in GSE45016 datasets and green refers to the number of differentially expressed genes in GSE38241 datasets. The middle part is the intersection of three datasets and the number in the image is the number of differentially expressed genes in each region; E, expression of DLX1 in PCa samples and normal control samples from the TCGA database, in which the abscissa represents sample cluster, the ordinate represents the expression of DLX1 gene, the left blue box plot refers to the expression of DLX1 in normal control samples and the right red box plot refers to the expression of DLX1 gene in PCa samples; F, the predicted miRNAs regulating DLX1 gene, in which blue represents the miRNAs predicted from the mirDIP database, red represents the miRNAs predicted from the starBase database, green refers to the miRNAs predicted from the microRNA.org database and yellow refers to the miRNAs predicted from the TargetScan database. The region with number 7 is the intersection of the prediction results from four databases, suggesting that there are seven miRNAs existing simultaneously in these four databases. \**P* \< 0.05, compared with primary tumour group or normal group; PCa, prostate cancer; miR‐539, microRNA‐539; TGF‐β, transforming growth factor‐β; DLX1, distal‐less homeobox 1; TCGA, The Cancer Genome Atlas](JCMM-23-5934-g001){#jcmm14402-fig-0001}

###### 

Binding of miRNAs to DLX1

  miRNA          mirSVR score   PhastCons score
  -------------- -------------- -----------------
  hsa‐miR‐543    −1.3055        0.7483
  hsa‐miR‐19a    −1.1034        0.7478
  hsa‐miR‐19b    −1.1034        0.7478
  hsa‐miR‐539    −0.7944        0.5816
  hsa‐miR‐320a   −0.2288        0.5639
  hsa‐miR‐320b   −0.2288        0.5639
  hsa‐miR‐320c   −0.193         0.5631

miRNA refers to the predicted miRNAs regulating DLX1; mirSVR score is thermodynamic stability score (the criterion is ≤−0.1) and the lower the score, the stronger of the binding ability of miRNA‐mRNA, suggesting a higher possibility that miRNA down‐regulates genes; PhastCons score represents the evolutionary conservatism of gene untranslated region in species and stronger evolutionary conservatism reflects better prediction; miR, microRNA; DLX1, distal‐less homeobox 1.
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3.2. PCa tissues presented with a high expression of DLX1 {#jcmm14402-sec-0018}
---------------------------------------------------------

The results from the immunohistochemistry, which was performed in order to detect the positive expression of DLX1 in PCa, suggested that DLX1 was positively stained brown and located at the cytoplasm (Figure [2](#jcmm14402-fig-0002){ref-type="fig"}A). PCa tissues exhibited a positive rate of DLX1 of 76.92% and the adjacent normal tissues displayed 18.46% (Figure [2](#jcmm14402-fig-0002){ref-type="fig"}B). Compared with the adjacent normal tissues, the protein expression of DLX1 in PCa tissues was considerably increased (*P* \< 0.05). These findings indicate that there was a higher positive rate of DLX1 protein expression in the PCa tissues.

![The positive expression of DLX1 protein is increased in PCa tissues. A, immunohistochemical staining analysis of DLX1 protein in the PCa tissues and adjacent normal tissues; B, quantitative analysis for the positive expression rate of DLX1 protein in the PCa tissues and adjacent normal tissues; \*\**P* \< 0.01, compared with PCa tissues or adjacent normal tissues; PCa, prostate cancer; DLX1, distal‐less homeobox 1](JCMM-23-5934-g002){#jcmm14402-fig-0002}

3.3. PCa tissues exhibit reduced miR‐539 but elevated DLX1 {#jcmm14402-sec-0019}
----------------------------------------------------------

RT‐qPCR and Western blot analysis were carried out in order to further identify the expression of miR‐539, DLX1, Smad4, c‐Myc, vimentin, E‐cadherin, Snail1 and SLUG in the PCa tissues. The results (Figure [3](#jcmm14402-fig-0003){ref-type="fig"}) indicated that there was a significant elevation in the expression levels of DLX1, Smad4, c‐Myc, vimentin, Snail1 and SLUG in the PCa tissues than those in adjacent normal tissues (*P* \< 0.05). However, the expression levels of miR‐539 and E‐cadherin were greatly reduced in the PCa tissues (*P* \< 0.05). These findings provided evidence that miR‐539 level is reduced in PCa tissues.

![PCa tissues display poor expression of miR‐539 and E‐cadherin yet high expression of DLX1, Smad4, c‐Myc, vimentin, Snail1 and SLUG. A, miR‐539 expression and mRNA expression of DLX1, Smad4, c‐Myc and vimentin, Snail1, SLUG and E‐cadherin in the PCa tissues and the adjacent normal tissues detected by RT‐qPCR; B and C, Western blot analysis of DLX1, Smad4, c‐Myc and vimentin, Snail1, SLUG and E‐cadherin proteins in the PCa tissues and the adjacent normal tissues; \**P* \< 0.05, compared with the adjacent normal tissues; PCa, prostate cancer; miR‐539, microRNA‐539; DLX1, distal‐less homeobox 1; RT‐qPCR, reverse transcription quantitative polymerase chain reaction](JCMM-23-5934-g003){#jcmm14402-fig-0003}

3.4. The expression of DLX1 and miR‐539 is correlated with lymph node metastasis, pathological stage, tumour size and Gleason scores of PCa {#jcmm14402-sec-0020}
-------------------------------------------------------------------------------------------------------------------------------------------

The correlation between the clinical characteristics of PCa patients and the expression of DLX1 and miR‐539 was determined. As shown in Table [3](#jcmm14402-tbl-0003){ref-type="table"}, the results found that the expression levels of DLX1 and miR‐539 were not statistically related to age and family history of patients with PCa (*P* \> 0.05), but were associated with lymph node metastasis, pathological stages, tumour size and Gleason scores of PCa (*P* \< 0.05).

###### 

Correlations of expression levels of DLX1 and miR‐539 with clinicopathological features of the patients with prostate cancer

  Clinicopathological features   DLX1 expression   *P*   miR‐539 expression   *P*         
  ------------------------------ ----------------- ----- -------------------- ----- ----- -------
  Age (year)                                             0.138                            0.274
  \<60                           21                15                         16    20    
  ≥60                            43                55                         54    44    
  Family history                                         0.706                            0.508
  No                             29                34                         31    32    
  Yes                            35                36                         39    32    
  Lymph node metastasis                                  0.023                            0.003
  No                             40                30                         28    42    
  Yes                            24                40                         42    22    
  Pathological stages                                    0.036                            0.004
  High differentiation           29                17                         17    29    
  Moderate differentiation       13                18                         14    17    
  Low differentiation            22                35                         39    18e   
  Tumour size                                            0.012                            0.033
  \<2 cm                         48                38                         39    47    
  ≥2 cm                          16                32                         31e   17    
  Gleason scores                                         0.001                            0.030
  \<7                            51                37                         40    48    
  ≥7                             13                33                         30    16    

Abbreviations: DLX1, distal‐less homeobox 1; miR‐539, microRNA‐539.
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3.5. DLX1 is a target gene of miR‐539 {#jcmm14402-sec-0021}
-------------------------------------

Since DLX1 was predicted to be targeted by miR‐539 (Figure [4](#jcmm14402-fig-0004){ref-type="fig"}A), dual luciferase reporter gene assay was performed to verify the target relationship between miR‐539 and DLX1. Compared with the NC group, there was a decrease in the luciferase activity of Wt‐miR‐539/DLX1 in the miR‐539 mimic transfection group (*P* \< 0.05) (Figure [4](#jcmm14402-fig-0004){ref-type="fig"}B). However, the luciferase activity did not differ greatly in the Mut‐miR‐539/DLX1 transfection group (*P* \> 0.05). Therefore, miR‐539 could specifically bind to DLX1 gene.

![DLX1 is a target gene of miR‐539. A, predicted binding site of miR‐539 on the 3\'‐UTR of DLX1; B, luciferase activity in the NC and miR‐539 mimic groups detected by dual luciferase reporter gene assay; \**P* \< 0.05, compared with the NC group; miR‐539, microRNA‐539; DLX1, distal‐less homeobox 1; NC, negative control; 3′‐UTR, 3′‐untranslated region; Wt, wild‐type; Mut, mutant](JCMM-23-5934-g004){#jcmm14402-fig-0004}

3.6. Up‐regulation of miR‐539 or silencing of DLX1 increases the expression of E‐cadherin and decreases the expression of vimentin, c‐Myc and Smad4 in PCa cells {#jcmm14402-sec-0022}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

Next, RT‐qPCR and Western blot analysis (Figure [5](#jcmm14402-fig-0005){ref-type="fig"}) were conducted to determine expression levels of DLX1, vimentin, E‐cadherin, c‐Myc, Smad4, Snail1 and SLUG in PCa cells. It was shown that PC3 and DU145 cell lines presented the same tendency. There was no evident difference in the expression of DLX1, vimentin, c‐Myc, E‐cadherin and Smad4 between the blank and NC groups (*P* \> 0.05). Compared with the blank and NC groups, there was a significant decrease in miR‐539 level in the miR‐539 inhibitor and miR‐539 inhibitor + si‐DLX1 groups, while it was increased in the miR‐539 mimic group (*P* \< 0.05) and there was no remarkable difference observed in the expression of miR‐539 in the si‐DLX1 group (*P* \> 0.05). Moreover, compared with the blank and NC groups, the expression level of E‐cadherin in the miR‐539 mimic and si‐DLX1 groups was up‐regulated (*P* \< 0.05) and expression levels of vimentin, c‐Myc, Smad4, Snail1 and SLUG were down‐regulated (*P* \< 0.05), while the miR‐539 inhibitor group presented with the opposite results (*P* \< 0.05) and there was no significant difference detected in the miR‐539 inhibitor + si‐DLX1 group (*P* \> 0.05). These findings suggested that the miR‐539 can promote the expression level of E‐cadherin while inhibiting the expression levels of DLX1, vimentin, c‐Myc and Smad4, Snail1 and SLUG.

![miR‐539 promotes the E‐cadherin expression and inhibits expression of DLX1, vimentin, c‐Myc, Smad4, Snail1 and SLUG. A, mRNA expression of DLX1, vimentin, E‐cadherin, c‐Myc, Smad4, Snail1 and SLUG in PC3 cell lines transfected with miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 detected by RT‐qPCR; B, mRNA expression of DLX1, vimentin, E‐cadherin, c‐Myc, Smad4, Snail1 and SLUG in DU145 cell lines transfected with miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 detected by RT‐qPCR; C and E, Western blot analysis of DLX1, vimentin, E‐cadherin, c‐Myc, Smad4, Snail1 and SLUG proteins in PC3 cell lines transfected with miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1; D and F, Western blot analysis of DLX1, vimentin, E‐cadherin, c‐Myc, Smad4, Snail1 and SLUG proteins in DU145 cell lines transfected with miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1; \**P* \< 0.05, compared with the blank group and the NC group; miR‐539, microRNA‐539; DLX1, distal‐less homeobox 1; NC, negative control; si, small interfering; RT‐qPCR, reverse transcription quantitative polymerase chain reaction](JCMM-23-5934-g005){#jcmm14402-fig-0005}

3.7. Up‐regulation of miR‐539 or silencing of DLX1 inhibits PCa cell proliferation {#jcmm14402-sec-0023}
----------------------------------------------------------------------------------

MTT assay was employed to determine cell viability. The results (shown in Figure [6](#jcmm14402-fig-0006){ref-type="fig"}) elucidated that both PC3 and DU145 cell lines presented with the consistent trend. There was no significant difference observed in the cell proliferation in the blank and NC groups (*P* \> 0.05). Compared with the blank and NC groups, the miR‐539 inhibitor group showed distinctly increased cell proliferation, but the miR‐539 mimic and si‐DLX1 groups had evidently inhibited cell proliferation (*P* \< 0.05). The miR‐539 inhibitor + si‐DLX1 group had no significant difference (*P* \> 0.05). These results suggested that overexpression of miR‐539 or silencing DLX1 could result in the suppression of the proliferation of PCa cells.

![Up‐regulation of miR‐539 or silencing of DLX1 represses PCa cell viability. A, PC3 cell viability in response to miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 measured by MTT assay; B, DU145 cell viability in response to miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 measured by MTT assay; \**P* \< 0.05, compared with the blank group and the NC group; PCa, prostate cancer; miR‐539, microRNA‐539; MTT, 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide; OD, optical density; NC, negative control; si, small interfering](JCMM-23-5934-g006){#jcmm14402-fig-0006}

3.8. Up‐regulation of miR‐539 or silencing of DLX1 suppresses PCa cell migration {#jcmm14402-sec-0024}
--------------------------------------------------------------------------------

Scratch test was adopted to detect cell migration. As shown in Figure [7](#jcmm14402-fig-0007){ref-type="fig"}, migration of PC3 and DU145 cell lines displayed the consistent trend. The blank and the NC groups had no significant difference concerning PCa cell migration (*P* \> 0.05). There was a dramatic decrease in the migration of PCa cells in the miR‐539 mimic group and the si‐DLX1 group in comparison to the blank and NC groups (*P* \< 0.05), while it drastically increased in the miR‐539 inhibitor group (*P* \< 0.05) and there was no significant difference in the inhibitor + si‐DLX1 group (*P* \> 0.05). These results demonstrated that up‐regulation of miR‐539 or DLX1 gene silencing can lead to the suppression of migration of PCa cells.

![Up‐regulation of miR‐539 or silencing of DLX1 restrains PCa cell migration. A and C, PC3 cell migration and the quantitative analysis in response to miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 measured by scratch test; B and D, DU145 cell migration and the quantitative analysis in response to miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 measured by scratch test; \**P* \< 0.05, compared with the blank group and the NC group; miR‐539, microRNA‐539; PCa, prostate cancer; NC, negative control; si, small interfering](JCMM-23-5934-g007){#jcmm14402-fig-0007}

3.9. Up‐regulation of miR‐539 or silencing of DLX1 inhibits PCa cell invasion {#jcmm14402-sec-0025}
-----------------------------------------------------------------------------

The Transwell assay was conducted in order to measure PCa cell invasion following treatment with miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 (Figure [8](#jcmm14402-fig-0008){ref-type="fig"}). The trend of PCa cell invasion in PC3 and DU145 cell lines was consistent. The blank and NC groups showed no significant difference regarding the invasion of PCa cells (*P* \> 0.05). Compared with the blank and NC groups, the PCa cell invasion in the miR‐539 mimic and siRNA‐DLX1 groups was evidently reduced, while the miR‐539 inhibitor group showed the opposite trend (*P* \< 0.05) and the miR‐539 inhibitor + si‐DLX1 group presented with no obvious difference (*P* \> 0.05). The aforementioned results revealed that miR‐539 overexpression or DLX1 gene silencing could result in the suppression in cell invasion in PCa cells.

![Up‐regulation of miR‐539 or silencing of DLX1 inhibits PCa cell invasion. A, invasion of PC3 cell lines and DU145 cell lines transfected with miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 measured by transwell assay (×200); B, quantitative analysis for the number of invasive PC3 cells transfected with miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 measured by transwell assay; C, quantitative analysis for the number of invasive DU145 cells transfected with miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1 measured by transwell assay; \**P* \< 0.05, compared with the blank group and the NC group; miR‐539, microRNA‐539; PCa, prostate cancer; NC, negative control; si, small interfering](JCMM-23-5934-g008){#jcmm14402-fig-0008}

3.10. The expression of DLX1 and miR‐539 is correlated with lymph node metastasis, pathological stage, tumour size and Gleason scores of PCa {#jcmm14402-sec-0026}
--------------------------------------------------------------------------------------------------------------------------------------------

Finally, in vivo tumour formation experiments in nude mice were conducted to further elucidate the effects of miR‐539 on PCa progression. As depicted in Figure [9](#jcmm14402-fig-0009){ref-type="fig"}, PC3 and DU145 lines showed the similar effects on the tumour growth of nude mice. There were no evident changes in relation to tumour growth between the blank and NC groups (*P* \> 0.05). Compared with the blank and NC groups, the tumour growth was significantly decreased in the miR‐539 mimic group and the siRNA‐DLX1 group, while it was significantly elevated in the miR‐539 inhibitor group (*P* \< 0.05) and the miR‐539 inhibitor + si‐DLX1 group presented with no significant difference (*P* \> 0.05). In conclusion, miR‐539 overexpression or DLX1 silencing could result in the suppression of tumour growth rate in nude mice.

![Up‐regulation of miR‐539 or silencing of DLX1 inhibits the tumour growth in nude mice. A and B, xenograft tumours and quantitative analysis of tumour mass of nude mice injected with PC3 cells in response to miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1; C and D, xenograft tumours and quantitative analysis of tumour mass of nude mice injected with DU145 cells in response to miR‐539 mimic, miR‐539 inhibitor, si‐DLX1 and miR‐539 inhibitor + si‐DLX1; \**P* \< 0.05, compared with the blank and NC groups; PCa, prostate cancer; miR‐539, microRNA‐539; NC, negative control; si, small interfering](JCMM-23-5934-g009){#jcmm14402-fig-0009}

3.11. Up‐regulation of miR‐539 impedes PCa cell proliferation, migration and invasion through the inhibition of the TGF‐β signalling pathway {#jcmm14402-sec-0027}
--------------------------------------------------------------------------------------------------------------------------------------------

MTT assay, scratch test and transwell assay were conducted to elucidate the role of miR‐539 in PCa cell proliferation, migration and invasion through TGF‐β signalling pathway. As shown in Figure [10](#jcmm14402-fig-0010){ref-type="fig"}A‐C, compared with the DMSO group, PCa cell proliferation, migration and invasion were significantly decreased in the SB‐431542 group (*P* \< 0.05). In comparison with the miR‐539 inhibitor + DMSO group, miR‐539 inhibitor + SB‐431542 group also presented with a significant decrease in cell proliferation, migration and invasion (*P* \< 0.05). Western blot analysis revealed that SB‐431542 group had higher E‐cadherin protein level, yet lower levels of vimentin, Snail1, SLUG, c‐Myc and Smad4 protein when compared with the DMSO group (*P* \< 0.05) (Figure [10](#jcmm14402-fig-0010){ref-type="fig"}D). In comparison with the miR‐539 inhibitor + DMSO group, E‐cadherin protein level was increased while protein levels of vimentin, Snail1, SLUG, c‐Myc and Smad4 were down‐regulated in the miR‐539 inhibitor + SB‐431542 group (*P* \< 0.05). There were no significant changes observed in relation to DLX1 protein levels between the DMSO and SB‐431542 groups, the miR‐539 inhibitor + DMSO and miR‐539 inhibitor + SB‐431542 groups. The aforementioned results highly suggested that miR‐539 overexpression could potentially disrupt PCa cell proliferation, migration and invasion by inactivating the TGF‐β signalling pathway.

![Up‐regulation of miR‐539 impedes PCa cell proliferation, migration and invasion through the inhibition of the TGF‐β signalling pathway. A, proliferation of DU145 cells transfected with SB‐431542, miR‐539 inhibitor, DMSO, miR‐539 inhibitor + DMSO and miR‐539 inhibitor + SB‐431542 measured by MTT assay; B, migration of DU145 cells transfected with SB‐431542, miR‐539 inhibitor, DMSO, miR‐539 inhibitor + DMSO and miR‐539 inhibitor + SB‐431542 measured by scratch test, C, invasion of DU145 cells transfected with SB‐431542, miR‐539 inhibitor, DMSO and miR‐539 inhibitor + SB‐431542 measured by transwell assay; D, Western blot analysis of vimentin, E‐cadherin, c‐Myc, Smad4, Snail1 and SLUG proteins in DU145 cell lines transfected with SB‐431542, miR‐539 inhibitor, DMSO, miR‐539 inhibitor + DMSO and miR‐539 inhibitor + SB‐431542; \**P* \< 0.05, compared with the DMSO group; \# *P* \< 0.05, compared with the miR‐539 inhibitor + DMSO group](JCMM-23-5934-g010){#jcmm14402-fig-0010}

4. DISCUSSION {#jcmm14402-sec-0028}
=============

Various miRNAs have been demonstrated to modulate pathological processes of a variety of malignancies, including differentiation, migration, invasion and EMT of cancer cells.[3](#jcmm14402-bib-0003){ref-type="ref"}, [26](#jcmm14402-bib-0026){ref-type="ref"} The inhibitory role of miR‐539 in the progression of several types of cancer has been previously reported, including in breast cancer by targeting EGFR,[27](#jcmm14402-bib-0027){ref-type="ref"} in hepatocellular carcinoma by binding to FSCN1,[28](#jcmm14402-bib-0028){ref-type="ref"} and in colorectal cancer by directly binding to RUNX2.[29](#jcmm14402-bib-0029){ref-type="ref"} Based on these findings, we conducted the study with aims of determining the underlying effects of miR‐539 on EMT and metastasis of PCa, on the basis of miR‐539 being involved in the suppression of EMT, invasion, migration and invasion by inactivating the TGF‐β/Smad4 signalling pathway through the down‐regulation of DLX1 in PCa.

The initial findings of our study indicated that the there was a poor expression in miR‐539 while DLX1 was highly expressed in PCa tissues. Consistently, a previous study has also indicated that there is a significant down‐regulation in miR‐539 expression level in PCa tissues, thereby serving as a potential anti‐progression biomarker.[15](#jcmm14402-bib-0015){ref-type="ref"} In addition, the reduction in miR‐539 expression has also been detected in triple‐negative breast cancer and the up‐regulated miR‐539 could suppress tumour progression by negatively regulating and targeting the expression of LAMA4.[30](#jcmm14402-bib-0030){ref-type="ref"} The expression of miR‐539 was reported to be negatively linked to the lymph node metastasis and clinical phase of human colorectal cancer, suggesting that miR‐539 could slow the progression of colorectal cancer.[29](#jcmm14402-bib-0029){ref-type="ref"} Moreover, there is an overexpression in DLX1 in PCa and DLX1, which could be considered as an underlying marker for the treatment of PCa.[18](#jcmm14402-bib-0018){ref-type="ref"} There has also been a study indicating that DLX1 can serve as a promising indicator for high‐grade PCa detection.[31](#jcmm14402-bib-0031){ref-type="ref"} In addition to PCa, high‐grade serous ovarian cancer was also found to have presented with increased DLX1, indicating that it can also play a role as a therapeutic biomarker for high‐grade serous ovarian cancer.[22](#jcmm14402-bib-0022){ref-type="ref"}

Furthermore, predication based on the bioinformatic website revealed that miR‐539 could target and result in the down‐regulation of DLX1 expression, which was confirmed by dual luciferase reporter gene assay. Consistently, miR‐539 was found to directly target SPAG5 and miR‐539 was negatively associated with that of SPAG5 in PCa.[15](#jcmm14402-bib-0015){ref-type="ref"} Furthermore, EGFR was verified to be targeted and down‐regulated by miR‐539 in breast cancer and the binding of miR‐539 to EGFR serves as a biomarker of the treatment of breast cancer.[27](#jcmm14402-bib-0027){ref-type="ref"}

In addition, our findings also suggested that the study concluded that implementing the enhancement of miR‐539 expression can result in the suppression of proliferation, migration, invasion and EMT of PCa cells as evidenced by elevated expression of E‐cadherin and decreased expression of vimentin, c‐Myc following treatment with miR‐539. Similarly, by binding to CARMA1, miR‐539 leads to the suppression of cell migration and invasion in thyroid cancer.[32](#jcmm14402-bib-0032){ref-type="ref"} Consistently, the EMT, tumourigenicity and metastatic capacity of PCa cells could be inhibited through the overexpression of miR‐200b, as a result of the up‐regulated expression of E‐cadherin.[33](#jcmm14402-bib-0033){ref-type="ref"} The decrease in the level of vimentin has been proven to have an inhibitory effect on motility and invasion of PCa cells when administrated alongside antisense‐vimentin.[34](#jcmm14402-bib-0034){ref-type="ref"} Moreover, silibinin, which has been found to provide protection against PCa, has been suggested to suppress the progression of PCa through the down‐regulation of vimentin.[35](#jcmm14402-bib-0035){ref-type="ref"} c‐Myc, which is an oncogene, is involved in cancer progression and its overexpression is clearly associated with higher histological grade and unfavourable prognosis of patients with PCa.[36](#jcmm14402-bib-0036){ref-type="ref"}

Our findings also demonstrated that miR‐539 resulted in the down‐regulation of Smad4, Snail1 and SLUG in PCa cells, indicating that miR‐539 could lead to the inhibition of the activation of the TGF‐β/Smad4 signalling pathway. As a critical regulator of the TGF‐β signalling pathway, Smad4 usually exerts tumour‐suppressive effects in numerous cancers, including PCa.[20](#jcmm14402-bib-0020){ref-type="ref"}, [37](#jcmm14402-bib-0037){ref-type="ref"} Aitchison et al have demonstrated that promoter methylation associates with decreased Smad4 expression in advanced PCa.[37](#jcmm14402-bib-0037){ref-type="ref"} Smad4 reduction could induce EMT in head and neck squamous cell carcinoma.[38](#jcmm14402-bib-0038){ref-type="ref"} A previously conducted investigation revealed that TGF‐β‐mediated invasion and metastasis of colorectal cancer cells can be promoted by succinate dehydrogenase deficiency through transcriptional repression complex Snail1‐Smad3/4.[39](#jcmm14402-bib-0039){ref-type="ref"} miR‐9 has been identified to up‐regulate E‐cadherin expression and result in significantly decreased melanoma cell proliferation and migration capacity through the inhibition of NF‐κB1‐Snail1 signaling pathway.[40](#jcmm14402-bib-0040){ref-type="ref"} SLUG is a zinc‐finger transcription factor of the Snail/SLUG zinc‐finger family that plays a role in migration and invasion of tumour cells.[41](#jcmm14402-bib-0041){ref-type="ref"} An increase in SLUG expression has been detected in advanced‐stage primary PCa and the knock‐down of SLUG results in the impairment of migration and invasion of PCa cells.[42](#jcmm14402-bib-0042){ref-type="ref"} Consistently, the inactivation of the TGF‐β/Smad2/3 signalling pathway was found to inhibit metastasis and EMT in PCa.[43](#jcmm14402-bib-0043){ref-type="ref"} miR‐155 has been found to play a functional role in EMT, cell migration and invasion induced by the TGF‐β signalling pathway in invasive breast cancer.[44](#jcmm14402-bib-0044){ref-type="ref"} Collectively, miR‐539 inhibited EMT, invasion and migration by inhibiting the TGF‐β/Smad4 signalling pathway.

5. CONCLUSION {#jcmm14402-sec-0029}
=============

In conclusion, the aforementioned findings provided evidence that miR‐539 could result in the suppression of cell migration, invasion, migration and EMT in PCa by inactivating the TGF‐β/Smad4 signalling pathway through the direct down‐regulation of DLX1 (Figure [11](#jcmm14402-fig-0011){ref-type="fig"}), which provides new insights for future study of PCa treatment. However, this study is still at the pre‐clinical stage and the investigation on the mechanism of action is not yet well elucidated. Therefore, further large‐scale studies are required to broaden the therapeutic perspective of PCa from the cellular level by understanding cell capacity and cell‐cell interaction.

![Schematic representation of inhibitory effect of miR‐539 on EMT and metastasis of PCa. miR‐539 could down‐regulate DLX1 expression, thus elevating the expression of E‐cadherin but decreasing the expression of DLX1, vimentin, c‐Myc and Smad4. These alterations led to inhibited proliferation, migration, invasion and tumour growth of PCa cells. miR‐539, microRNA‐539; PCa, prostate cancer; DLX1, distal‐less homeobox 1; EMT, epithelial‐mesenchymal transition](JCMM-23-5934-g011){#jcmm14402-fig-0011}
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